In Brief
Schwenzer et. al discovered that oxidative stress induces nuclear import of cytoplasmic tRNAs. The authors found that this pathway is activated during the integrated stress response. tRNA nuclear import was selective to certain tRNA species and may contribute to the changes in protein translation known to protect cells from stress.
INTRODUCTION
As adaptor molecules for the translational machinery, tRNAs transport their cognate amino acids to cytoplasmic ribosomal complexes, translating the genetic information of mRNA into nascent polypeptide chains (Sö ll and RajBhandary, 1995) . In eukaryotic cells, tRNAs are transcribed by RNA polymerase III within the nucleus. tRNA transcripts undergo a series of posttranscriptional processing steps that are required to yield fully mature and functional tRNAs (Hopper, 2013) . As a critical posttranscriptional maturation step, the enzyme tRNA nucleotidyl transferase catalyzes the addition of the ubiquitous CCA nucleotides to the 3 0 end of tRNA molecules prior to their export from the nucleus (Wellner et al., 2018) .
The dogma of unidirectional movement held that tRNAs are produced inside the nucleus and exported into the cytoplasm to function in protein translation (Sö ll and RajBhandary, 1995) . This tenet of unidirectional transport was initially challenged by the observation that, in yeast, tRNAs are spliced on the surface of mitochondria, but spliced tRNAs were detected inside the nucleus (Yoshihisa et al., 2003) . This led to the provocative hypothesis that tRNAs might be exported from the nucleus to the cytoplasm, spliced on mitochondria, and then re-imported into the nucleus, which was later confirmed (Shaheen and Hopper, 2005; Takano et al., 2005) . Independently, we were investigating cellular factors driving HIV-1 nuclear import. Using biochemical fractionation approaches, we isolated a fraction able to support HIV-1 nuclear import into human cells in vitro. Purified to near homogeneity, the fraction contained tRNAs mostly with defective 3 0 CCA ends, and we demonstrated that such defective tRNAs were efficiently imported into the nucleus in an energydependent manner (Zaitseva et al., 2006) , suggesting that HIV-1 co-opts the physiological import of certain tRNA species for its own nuclear import. tRNA nuclear import has since been reported in rat hepatoma cells , Chinese hamster ovary cells (Barhoom et al., 2011) , and human 293T cells (Miyagawa et al., 2012; Watanabe et al., 2013) . This pathway is now called ''tRNA retrograde transport'' (Hopper, 2013) .
In S. cerevisiae, tRNA retrograde transport is constitutive, whereas re-export of imported tRNAs is regulated by nutrient availability (Chafe et al., 2011; Huang and Hopper, 2014; Murthi et al., 2009) . Therefore, this pathway is likely to regulate protein translation by modulating the pool of tRNAs available in the cytoplasm in response to nutrients (Chu and Hopper, 2013) . tRNA retrograde transport has also been shown to be a quality control mechanism for tRNA modification and for defective or immature tRNAs (Kramer and Hopper, 2013; Ohira and Suzuki, 2011) .
Constitutive tRNA import in S. cerevisiae agrees with the notion that, in yeast, tRNA splicing takes place in the cytoplasm and that re-import into the nucleus of spliced tRNAs is required for certain modifications (Ohira and Suzuki, 2011) . In human cells, however, tRNA splicing and maturation take place only inside the nucleus (Paushkin et al., 2004; Sö ll and RajBhandary, 1995) . Furthermore, digitonin-permeabilized human cells appear to preferentially import in-vitro-synthesized tRNAs lacking a complete 3 0 CCA end, whereas intact yeast cells import both mature and 3 0 -end-truncated endogenous tRNAs with similar efficiency (Takano et al., 2005; Zaitseva et al., 2006) . Therefore, important differences in how tRNA retrograde transport is regulated in human and yeast cells may exist, which would illuminate new aspects of tRNA biology.
In the present study, we systematically investigated the regulation of retrograde tRNA transport in different human cells. We used a combination of specific tRNA fluorescent in situ hybridization (tFISH) to quantitatively characterize tRNA retrograde transport and next-generation sequencing to analyze the global movement of tRNAs. Our results identify tRNA retrograde transport as a component of the cellular defense mechanism against oxidative stress (Spriggs et al., 2010) .
RESULTS

Oxidative Stress Induces tRNA Nuclear Accumulation in Human Cells
To investigate the regulation of tRNA retrograde transport in human cells, we exposed HeLa, normal human dermal fibroblasts from neonatal foreskin (neo-NHDF), and primary unstimulated CD3 + T cells to a variety of conditions known to induce stress ( Figure 1 ). We monitored tRNA subcellular localization by tFISH (Shaheen and Hopper, 2005; Shaheen et al., 2007; Takano et al., 2005 ) using a digoxigenin-labeled oligonucleotide complementary to human tRNA
Lys , an abundant species tested previously in the same assay ). An oligonucleotide probe complementary to tRNA Lys from the bacteria A. laidlawii and another oligonucleotide specific for the U5 small nuclear RNA (U5 snRNA) (Gerbi et al., 2003) were used as controls. Under physiological conditions, tRNA Lys was mainly detected in the cytoplasm, whereas U5 snRNA was detected in the nucleus only. The background fluorescence signal was detected with a probe against tRNA Lys from A. laidlawii (data not shown).
Each condition was tested using different incubation times and different concentrations of the stressors (Table S1 ). Oxidative stress is known to affect tRNA modification, expression, and cleavage (Huang and Hopper, 2016) and to repress global protein translation (Spriggs et al., 2010 ). Therefore, we tested the effect of hydrogen peroxide (H 2 O 2 ), a reactive oxygen species that perturbs protein folding and activates the endoplasmic reticulum (ER) unfolded protein response (UPR) (Harding et al., 2003; Schieber and Chandel, 2014) . A hallmark of the UPR is phosphorylation at serine 51 of the a subunit of eukaryotic translation initiation factor 2 (eIF2a), which represses global translational initiation (Harding et al., 2000) . We confirmed that H 2 O 2 induced eIF2a phosphorylation under our experimental conditions ( Figure S1A ). When tRNA localization was examined by tFISH, we observed a marked increase in nuclear fluorescence intensity in samples treated with H 2 O 2 . This effect was robust across the three cell types (Figure 1 ). Treatment with methylmethane sulfonate (MMS), a nucleic acid-alkylating agent that causes DNA damage and perturbs tRNA modification (Begley et al., 2007; Chan et al., 2010) , induced tRNA accumulation in the nucleus of HeLa and primary human T cells but not into neo-NHDF cells (Figure 1 ). Premature termination of protein synthesis with puromycin has been reported previously to induce nuclear accumulation of in-vitro-synthesized tRNAs upon transfection in human 293T cells (Barhoom et al., 2011) . We found that puromycin induced accumulation of endogenous tRNA Lys within the nucleus of HeLa and T cells, but this was not detectable in neo-NHDF cells (Figure 1 ; see also Figure S2 for quantification).
Glucose deprivation is known to induce retrograde tRNA accumulation in S. cerevisiae Shaheen and Hopper, 2005; Shaheen et al., 2007; Takano et al., 2015; Whitney et al., 2007) ; hence, we incubated human cells in the absence of glucose. Glucose deprivation is known to result in de-phosphorylation of 4E-BP1 and reduced protein translation (Sengupta et al., 2010) ; thus, we examined phosphorylation of 4E-BP1 in our experimental conditions. Although we could confirm the loss of phosphorylated 4E-BP1 ( Figure S1B ), we could not detect accumulation of tRNA Lys within the nucleus after glucose starvation ( Figure 1 ; Table S1 ). Type I interferon (IFN) inhibits protein synthesis via the protein kinase R (PKR) pathway (Sadler and Williams, 2008) , and tumor necrosis factor alpha (TNF-a) induces broad changes in protein translation that are linked to ER stress, although the mechanisms are poorly defined (Wang and Kaufman, 2014; Zhai et al., 2008) . Therefore, we treated cells with recombinant IFNa or TNF-a. qRT-PCR showed upregulation of the IFN-stimulated gene IFIT-2 (Levy et al., 1986) and the TNF-a-induced IL-6 and I-CAM genes (Akira et al., 1990) (Figures S1C and S1D ), but tFISH did not show nuclear accumulation of tRNA Lys (Figure 1 ). We also tested osmotic shock and low or high pH but did not detect nuclear tRNA accumulation (Table S1 ). No tRNA Lys nuclear accumulation was detected after heat shock (Table S1) , which is consistent with the observation that this kind of stress only affects tRNA Met (Watanabe et al., 2013) . Based on these results, we concluded that oxidative stress was the most consistent inducer of tRNA nuclear accumulation in human cells tested in our experimental settings. Genotoxic stress and translational inhibition induced a cell type-specific response, whereas other stress conditions did not seem to induce significant tRNA nuclear accumulation, at least under the conditions tested (Table S1 ). Next we examined the kinetics of tRNA nuclear accumulation after cells were exposed to H 2 O 2 , MMS, or puromycin. The tFISH signal in the nucleus and cytosol was quantified, and the nuclear:cytosolic fluorescence ratio (N/C) was calculated at each different time point ( Figure S2 ). Accurate quantification of the signal in primary T cells was not possible because of the small size of their cytoplasm. In HeLa cells, tRNA nuclear accumulation was apparent 1 h after exposure to H 2 O 2 , reaching a peak at 2 h ( Figure S2 ). Similar results were obtained in neo-NHDF and primary T cells (Figures S2 and S3A) . A similar response was detected in HeLa cells treated with MMS ( Figure S2 ). Puromycin has been shown previously to change the intracellular distribution of exogenous transfected tRNAs within 30 min (Barhoom et al., 2011) ; hence, we performed a shorter time course by tFISH, which showed that this drug indeed triggered a faster response than H 2 O 2 in HeLa cells, reaching a peak at 7.5 min ( Figure S2 ). Dose responses were obtained by titrating H 2 O 2 and quantifying the tFISH signal as above. Maximal efficacy was reached at 5 mM in HeLa cells, 2.5 mM in neo-NHDF cells (Figure 2) , and 0.3 mM in primary T cells ( Figure S3B ). Thus, although the response to H 2 O 2 is consistent across different cell types, its threshold is cell-type-dependent, consistent with the notion that cancer cells have a greater tolerance for oxidative stress than normal cells (Wang and Kaufman, 2014) .
tRNA Nuclear Accumulation Requires Import of Existing tRNAs and Is Reversible tRNA nuclear accumulation triggered by oxidative stress might depend on the nuclear import of pre-existing cytoplasmic tRNAs or on a nuclear export block of newly synthesized tRNAs. To distinguish between these two possibilities, we pre-treated cells for 2 h with actinomycin D (ActD) before adding H 2 O 2 and then examined the samples by tFISH. ActD is a potent and global inhibitor of de novo RNA synthesis, including tRNAs . Hence, if tRNA nuclear accumulation was mainly due to an export block of newly synthesized tRNAs, then one should expect a lower nuclear signal upon treatment with ActD. Conversely, if tRNA nuclear accumulation was mainly due to import of pre-existing cytoplasmic tRNAs, then one should expect no difference. In cells pre-treated with ActD, the level of tRNA nuclear accumulation was either unaffected or higher than in untreated cells ( Figure 3A) . Furthermore, ActD reduced the cytoplasmic signal in a time-dependent way so that the N/C ratio was higher in ActD-treated than in non-ActD-treated cells ( Figures   Figure 1. Oxidative Stress, MMS, and Puromycin Induce tRNA Retrograde Transport in Human Cells A tFISH assay was carried out with a probe specific for tRNA Lys to survey conditions that induce tRNA retrograde transport. Each condition was tested at different time points and with different concentrations of the specified compound. Shown here are H 2 O 2 (5 mM for 2 h); MMS (10 mM for 2 h); puromycin (3 mM for 8 min); GlcÀ, glucose deprivation (24 h); IFNa (1.25 3 10 4 U/mL for 24 h); and TNF-a (1 ng/mL for 2 h). Ctrl, no treatment. Scale bars, 20 mm for HeLa and Neo-NHDF images and 10 mm for CD3+ T cells. Arrowheads point to the intranuclear signal. Representative images of at least three independent experiments are shown. See also Figure S1 and Table S1 .
3A and 3B). This suggested that tRNAs were lost from the cytoplasm, presumably because they were imported into the nucleus without being replaced by the export of newly synthesized tRNAs in ActD-treated samples. These results demonstrated that the tFISH signal originates from nuclear import of pre-existing tRNAs. Repression of de novo RNA synthesis by ActD was confirmed by qRT-PCR to measure the mRNA levels of PDX, RANBP1, TNPO1, and MAT1 relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH), a transcript shown previously to be stable under conditions of oxidative stress (Kuwano et al., 2009 ; Figure 3C ). Of note, co-staining of the ER in cells treated with H 2 O 2 and ActD revealed loss of the tFISH signal that co-localized with the ER signal ( Figure S4A ), suggesting that tRNAs were preferentially imported from the ER into the nucleus.
To determine whether nuclear accumulation of tRNAs induced by oxidative stress is reversible, HeLa cells were treated for 2 h with H 2 O 2 ; then, H 2 O 2 was removed, and cells were analyzed by tFISH at different time points (Figures S4B-S4D ). We found that removal of H 2 O 2 resulted in rapid loss of the nuclear signal, which returned to control levels between 10 and 30 min. Hence, oxidative stress induces fully reversible nuclear accumulation of tRNAs. These results also demonstrate that treatment with H 2 O 2 did not cause any irreversible damage to the cells, which maintained their ability to export or degrade nuclear tRNAs following recovery from stress. Indeed, the vast majority of cells treated with H 2 O 2 for 2 h were alive ( Figure S4E ).
Retrograde tRNA Transport Induced by Oxidative Stress Is Selective Next we sought to understand whether oxidative stress induced retrograde transport of all tRNAs or of specific subsets. To obtain a global view of tRNA retrograde transport, we performed strand-specific deep RNA sequencing using thermostable group II intron reverse transcriptase (TGIRT), a recently developed method that allows high-throughput sequencing of small structured RNAs, including tRNAs Qin et al., 2016) . HeLa cells were treated for 2 h with H 2 O 2 in the presence of ActD, harvested, and fractionated into nuclear and cytosolic fractions. The quality of fractionation was confirmed by western blot using antibodies specific for GAPDH, protein disulfide isomerase (PDI), and lamin-B1 (lamin) as markers for the cytosol, the ER, and the nucleus, respectively ( Figure 4A ). Between 6 and 12 million reads were obtained for each sample. Total reads were mapped to the ENSEMBLE non-coding RNA (ncRNA) set that includes more than 300 unique tRNA gene sequences obtained from the Genomic tRNA Database (gtRNAdb) (Lowe and Chan, 2016) . Initial optimization for the preparation of the sequencing library revealed that treatment with demethylase reduced the overall yield and tended to degrade the tRNA 3 0 end, which was critical for our analyses, presumably because of difficult-to-remove contamination with RNase. Because we did not treat the samples with demethylase, tRNA modifications might have prematurely blocked reverse transcription, introducing mapping artifacts (Clark et al., 2016; Zhou et al., 2018) . To examine this issue, we assessed coverage of each single position in a tRNA covariance model using more than 1,000 tRNA alignments from RFAM (http://rfam.xfam.org/) and checked against known RNA modifications (Boccaletto et al., 2018) . The overall coverage was good, although it was lower at the 5 0 end between nucleotides 1 and 30, presumably because of stalling of the enzyme during the reverse transcription step. This higher rate of ''stopping'' at the 5 0 end has been observed previously (Clark et al., 2016) . . Scale bars, 20 mm.
The N/C ratio was calculated as described in the legend for Figure 1 . One-way ANOVA (Dunnett's multiple comparisons test) was used to calculate statistical significance; ****p < 0.0001. (C) Inhibition of de novo RNA synthesis under these experimental conditions was confirmed by qRT-PCR to measure the mRNA levels of the indicated genes. Expression levels are relative to GAPDH mRNA levels. See also Figure S4 .
However, this lower 5 0 end coverage did not prevent mapping of the tRNAs (Figures S5 and S6A) .
The majority of mapped reads (62%-83%) belonged to small non-coding RNAs, and up to 30% of these could be mapped to tRNAs ( Figure S6A ). However, only y5% of the total reads could be mapped in our third biological replicate; therefore, this replicate was not included in subsequent analyses. Analysis of the ten most abundant reads revealed clear enrichment of nucleus-and nucleolusspecific small ncRNAs in the nuclear fraction and of cytosol-specific small RNAs, including several mitochondrion-encoded tRNAs, in the cytoplasmic fraction, further confirming the high quality of the fractionation ( Figure S6B ).
To assess whether the overall composition of the tRNA pool within the cytosol and nucleus changed upon treatment with H 2 O 2 , all normalized unique reads were counted and clustered according to tRNA amino acid usage ( Figure 4B ; Figure S6C ) and isoacceptors (Table S2) . Their relative distribution inside the nucleus and the cytoplasm was calculated for each replicate: tRNA Lys , tRNA Gly , tRNA Glu , and tRNA Asp were the most abundant species, covering more than 50% of all tRNA reads. This result matches a recently published study that used TGIRT to quantify tRNA isoacceptor abundance in the Universal Human Reference RNA . In our samples, the least abundant tRNAs were tRNA Phe , tRNA Tyr , tRNA Cys , and tRNA Trp .
Under oxidative stress conditions, the proportion of tRNAs for selenocysteine, alanine, serine, threonine, and isoleucine in the nucleus was higher relative to glycine and aspartic acid. This effect was observed in each biological replicate ( Figure 4B ; Table S2 ). The relative proportion of tRNA Lys increased in the nucleus upon oxidative stress; however, this was observed in one biological replicate only ( Figure 4B ).
These results suggested that tRNA retrograde transport might be selective for certain tRNA species. Thus, we sought to address the question of selectivity. Furthermore, we previously reported that, in digitonin-permeabilized human cells, in-vitro-synthesized tRNAs lacking a complete 3 0 CCA end were preferentially imported into the nucleus relative to tRNAs with a full 3 0 CCA end (Zaitseva et al., 2006) . However, it was not known whether this applies to endogenous tRNAs as well. Thus, we sought to understand the type of tRNAs (intact or truncated at the 3 0 end) that undergo retrograde transport under oxidative stress.
To this end, we examined the distribution of each intact (tRNA with a mature 3 0 CCA end) and defective (tRNAs missing at least one nucleotide at their 3 0 end) gene in the nucleus and cytoplasm upon treatment with H 2 O 2 . We mapped all reads to intact and 3 0 -truncated tRNA transcript versions and calculated the Log 2 fold change (Log 2 FC). For greater stringency, we counted only tRNA genes with a sequencing depth of at least 20 reads in the cytosolic control samples, which resulted in a pool of 208 unique tRNA genes suitable for further analyses (Table S3 ). This analysis revealed a cluster of truncated tRNAs enriched and another cluster of intact tRNAs reduced in the nuclear fractions ( Figure 4C ; Table S4 ), with 58 tRNA genes reaching statistical significance (p < 0.05) and 19 tRNA genes reaching an adjusted p value (adjp) of less than 0.05 (Table S3) . Changes in the cytosol were modest, and no tRNA gene reached statistical significance (Figure 4C ; Table S3 ). To further improve confidence in the results, we focused on tRNAs that showed a consistent positive or negative Log 2 FC >0.75 in both biological replicates. Using this cutoff, in the nuclear fraction we found one intact tRNA (tRNA ) and three defective tRNAs, which were increased ( Figure S7 ; Table S5 ). tRNA Sec (TCA) (cca_chr19-tr09), one of the most highly changed tRNA following treatment with H 2 O 2 , was reduced by an average of 2.7-fold in the cytoplasm and increased by an average of 8.6-fold in the nucleus (Tables  S2 and S4 ).
To further examine the nature of these defective tRNAs, sequencing reads were mapped to the 3 0 end of the tRNAs at single-nucleotide resolution, and the relative distribution of each tRNA in the nucleus and cytosol was calculated for control and H 2 O 2 -treated samples ( Figure 4D ). In the cytosolic control, approximately 50% of reads mapped to intact tRNAs, whereas the remaining portion lacked between 1 to 6 nt at their 3 0 end. Oxidative stress had a marginal effect on the proportion of reads mapping to defective tRNAs. In the nucleus, however, only 30% of reads mapped to intact tRNAs in H 2 O 2 -treated cells compared with 60% of reads in control cells. Many defective tRNAs in the Top: cells were exposed to 5 mM H 2 O 2 for 2 h without ActD and analyzed by tFISH with the indicated tRNA probe. Representative confocal microscopy images of the tFISH assay are shown. Scale bars, 10 mm. Center: the N/C ratio was calculated as described in the legend for Figure 1 . The graphs show data from one representative experiment of at least two. One-way ANOVA (Dunnett's multiple comparisons test) was used to calculate statistical significance; ****p < 0.0001. Bottom: cells were fractionated into nuclear (N) and cytosolic (C) fractions. Total RNA was extracted from each fraction and analyzed by northern blot using the same tRNA-specific probes employed for the tFISH. Each image is representative of at least two independent experiments See also Figure S7 .
nucleus lacked between 5 and 8 nt at their 3 0 end ( Figure 4D ). Overall, these analyses suggested that nuclear accumulation involved predominantly certain tRNA species with truncated 3 0 ends, although it cannot be excluded that some 3 0 end shortening also occurred in the nucleus following oxidative stress.
To confirm the selectivity of the tRNA retrograde transport induced by oxidative stress, we examined, by tFISH, four tRNAs that showed robust nuclear accumulation according to RNA sequencing (RNA-seq) (tRNA , whereas the results were inconclusive for tRNA Arg because of the insufficient sensitivity of the northern blot for this particular tRNA ( Figure 5 ). Importantly, the smaller bands were detected in the nuclear fractions of cells treated with H 2 O 2 but not in untreated cells.
tRNA Retrograde Transport Is Regulated by REDD1 and mTOR Oxidative stress affects pathways that ultimately result in inhibition of global protein translation and induction of specific stress response proteins, which protect cells from deleterious damage (Gebauer and Hentze, 2004; Harding et al., 2000 Harding et al., , 2003 . To better understand the effect of H 2 O 2 in our cellular model, we sought to profile the expression of marker genes of mammalian target of rapamycin (mTOR), one of the key pathways that affect protein translation during oxidative stress (Saxton and Sabatini, 2017) . Cells were treated for 2 h with H 2 O 2 , and RNA was extracted and reverse-transcribed. Changes in gene expression were quantified by real-time qPCR (Table S6) . Notably, the only significantly upregulated gene in the network was REDD1 (also called DDTI4) ( Figure 6A ), which senses oxidative stress and inhibits mTOR through the TSC1 and TSC2 complex Table S6 . (Brugarolas et al., 2004) . Conversely, the most significantly downregulated genes were PTEN, PDK1, PIK3C2, and PIK3CD ( Figure 6A ), which stimulate mTOR via AKT activation. Thus, the transcriptional changes converged to reduce mTOR activity, and this was confirmed by the lower levels of phosphorylated S6 and 4EBP, two key targets of mTOR, in H 2 O 2 -treated cells relative to control cells ( Figure 6B ). REDD1 acts upstream of mTOR; it is an important sensor of cellular stress whose expression is rapidly upregulated to promote cell survival (Brugarolas et al., 2004; Dennis et al., 2013 Figures 6F and 6G ). These results indicate that tRNA retrograde transport is disconnected from HIF-1. Beside HIF-1, the transcription of REDD1 is also regulated by ATF4, which is a transcription factor induced by the UPR stress signaling pathway (Whitney et al., 2009) . A hallmark of the UPR is eIF2a phosphorylation (Harding et al., 2000) , and we have already observed that tRNA retrograde transport induced by oxidative stress occurs in parallel with eIF2a phosphorylation ( Figure S1 ). This suggested that activation of the UPR pathway might also regulate tRNA retrograde transport by linking oxidative stress to the upregulation of REDD1. To further investigate this potential link, we inhibited each of the three kinases that can independently phosphorylate eIF2a in the UPR pathway: tion of GNC2 ( Figures 7A and 7B ) or a selective small-molecule PKR inhibitor (Jammi et al., 2003;  Figure 7C ) did not affect eIF2a phosphorylation induced by H 2 O 2 or had any effect on tRNA retrograde transport. However, when we treated cells with a selective inhibitor of PERK (Axten et al., 2012), we observed reduced eIF2a phosphorylation and a dose-dependent inhibition of tRNA nuclear accumulation ( Figure 7D ). Altogether, these results suggest that tRNA retrograde transport induced by oxidative stress depends on crosstalk between PERK and mTOR that is orchestrated by REDD1.
DISCUSSION
Our study shows that tRNA retrograde transport is activated by H 2 O 2 in a concentration-and time-dependent manner and that this pathway is selective for certain tRNA species, mainly involves tRNAs with a defective 3 0 end, and is connected to the integrated stress response.
Our results based on RNA-seq suggest that tRNA retrograde transport is selective for certain tRNA genes, mainly with a truncated 3 0 end. Caution is required when interpreting the RNA-seq results because only a relatively small proportion of tRNAs reached statistical significance. The large number of tRNA genes analyzed and the few biological replicates it was possible to sequence reduced the overall power of the analysis. Nonetheless, a consistent pattern emerged from the two biological replicates. and the specific nucleo-cytoplasmic distribution of several tRNAs was confirmed by tFISH and northern blotting, suggesting that the tRNA-seq revealed a genuine trend. Currently we do not know the mechanisms of this selectivity; however, we note that, in yeast, several tRNA export factors have been described recently that show remarkable selectivity for certain tRNAs (Chatterjee et al., 2017) . Presumably, tRNA retrograde transport in human cells may also depend on several importers, each having a specific substrate.
Our data also indicate that, in human cells, tRNA retrograde transport involves mainly truncated tRNAs lacking a complete 3 0 end, which is consistent with our previous findings in digitonin-permeabilized cells (Zaitseva et al., 2006 ). Although we do not know how these defective tRNAs are generated, in yeast, plant, and mammalian cells, oxidative stress has been shown to induce rapid cleavage of tRNAs to produce tRNA halves (called tiRNAs [tRNA stress-induced fragments]) (Thompson et al., 2008; Yamasaki et al., 2009 ). Transfection of these tiRNAs repressed global protein translation in an eIF2a phosphorylationindependent way, suggesting that tiRNAs are a component of a separate stress response pathway (Ivanov et al., 2011; Yamasaki et al., 2009 ). Furthermore, in Tetrahymena, small tRNA fragments are found associated with Piwi proteins upon starvation (Couvillion et al., 2010) . The endoribonuclease angiogenin generates tiRNAs (Fu et al., 2009; Ivanov et al., 2011; Yamasaki et al., 2009) and cleaves the terminal A residue of the 3 0 end CCA tail under oxidative stress (Czech et al., 2013) ; hence, it may generate at least part of the truncated tRNAs we observed. However, the heterogeneity of the tRNA 3 0 ends also suggests that a 3 0 to 5 0 exonuclease might be involved. Several conditions triggered tRNA retrograde transport in human cells (namely, puromycin, MMS, and H 2 O 2 ), but only H 2 O 2 activated the pathway in all cell types tested, indicating that this response may be universal. Of note, the H 2 O 2 concentration required to activate retrograde transport was higher in HeLa cells relative to neo-NHDF and primary T cells, which is consistent with the previously reported lower sensitivity of cancer cells to oxidative stress (Cubillos-Ruiz et al., 2017) . In yeast, tRNA nuclear accumulation is observed under conditions of glucose starvation (Chafe et al., 2011; Huang and Hopper, 2014; Whitney et al., 2007) . Human cells do not seem to trigger tRNA retrograde transport in response to this particular stress. However, based on our results, we cannot conclude that, in human cells, tRNA retrograde transport is insensitive to nutrient deprivation because we only detected tRNA Lys by tFISH, and a wider survey of different tRNAs in different cell types and nutrient deprivation conditions would be required. Instead, our results point to the intriguing possibility that tRNA retrograde transport might be a cell type-specific response. H 2 O 2 is a reactive oxygen species that mediates intracellular signaling by promoting reversible oxidation of cysteine residues within proteins (Schieber and Chandel, 2014; Winterbourn and Hampton, 2008) . When cells are exposed to high concentrations of H 2 O 2 , cysteine oxidation becomes irreversible, causing permanent protein damage (Schieber and Chandel, 2014) . Accumulation of damaged proteins activates the UPR, leading to phosphorylation of eIF2a, which reduces translational initiation and activates the ATF4-dependent transcriptional program (Harding et al., 2000) . Our results indicate that tRNA retrograde transport depends on the integrated stress response pathway and involves PERK-mediated phosphorylation of eIF2a and transcriptional upregulation of REDD1, leading to mTOR inhibition of S6K and 4EBP (Ait Ghezala et al., 2012; Brugarolas et al., 2004) . Of note, reduced phosphorylation of S6K and 4EBP alone was not sufficient to trigger tRNA Lys nuclear accumulation (for example, upon glucose deprivation), suggesting that tRNA retrograde transport requires concomitant UPR activation. Activation of these pathways results in inhibition of global protein translation and concomitant induction of specific stress response proteins, which maintain cellular homeostasis and promote cell survival for a period of time until the specific insult is removed (Kroemer et al., 2010; Pakos-Zebrucka et al., 2016; Spriggs et al., 2010) . Therefore, we propose that, in human cells, tRNA retrograde transport may be part of the integrated stress response to protect cells from damage caused by reactive oxygen species. This possibility is consistent with the rapid induction of tRNA nuclear accumulation during treatment with H 2 O 2 , its rapid reversibility, and its link to the UPR via PERK and phosphorylation of eIF2a. This idea provides a framework to explain the selectivity of the pathway because sequestration of specific tRNAs into the nucleus might conceivably contribute to the re-shaping of protein translation that takes place during oxidative stress.
In support of this notion, oxidative stress induced significant nuclear accumulation of both intact and truncated tRNA SeC . Seleno-cysteine (SeC) incorporation competes with the translation termination reaction, instead favoring translation of selenoproteins required to maintain homeostatic redox levels in cells (Driscoll and Copeland, 2003) . It has been shown that the SeC-decoding complex, containing tRNA SeC , is assembled onto specific mRNAs in the nucleus (de Jesus et al., 2006) ; therefore, tRNA SeC retrograde transport may promote synthesis of selenoproteins and protect cells from oxidative damage. Alternatively, accumulation of truncated tRNA Sec might contribute to the lowering of available tRNA Sec initiated by Brf2, a redox sensor that regulates tRNA Sec transcription in complex with transcription factor II B (TFIIB) (Gouge et al., 2015) .
The observed induction of tRNA retrograde transport by MMS and puromycin also suggests that this pathway might protect human cells from stress. In yeast cells, certain tRNA modifications are important to ensure efficient translation of genes coding for DNA damage response proteins (Begley et al., 2007) . Indeed, tRNA modification defects have been shown to make yeast cells more susceptible to MMS-induced cell death, establishing a link between DNA damage and tRNA availability (Begley et al., 2007) . Puromycin, which acts as a non-functional mimic of aminoacyl tRNA, causes premature termination of translation, accumulation of aborted and improperly folded polypeptides, and activation of the UPR (Hightower, 1980; Neznanov et al., 2011) . Therefore, our results support a unifying hypothesis ( Figure 7E ) whereby the selective tRNA nuclear accumulation we described might be part of a response that favors translation of certain stress-related genes while reducing global translation to protect cells from damage. It will be interesting to understand how tRNA retrograde transport integrates with other tRNA-regulatory pathways that affect tRNA stability and function in response to stress (Roundtree et al., 2017) . We note that stress-induced nuclear accumulation of cytoplasmic tRNAs has been recently observed in human cells using micro-injection techniques (Dhakal et al., 2018) . Our results underscore the importance of small RNAs in protecting cells from oxidative stress, a phenomenon conserved from bacteria to humans (Storz, 2016) .
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Neo-NHDFs (neonatal Normal Human Dermal Fibroblasts) (male) and HeLa cells (female) were cultured in Dulbecco's Modified Eagle Medium (DMEM) (GIBCO) supplemented with 10% FCS (Fetal Calf Serum, Labtech), 100 units/ml penicillin and 100 mg/ml streptomycin at 37 C, 5.0% CO 2 . For primary human T cell isolation, peripheral blood was obtained from healthy volunteers (one male and one female). All participants donating blood for this study gave written informed consent. Ethical approval was given by the South East Coast Research Ethics Committee under the REC reference number: 11/LO/0421 and IRAS project number: 43993. Mononuclear cells (PBMC) were isolated from fresh heparinised blood by density centrifugation using Ficoll-Hypaque Plus (GE Healthcare). CD3+ T cells were subsequently isolated from PBMC using magnetic bead isolation (Pan T cell isolation kit; Miltenyi Biotec) as per the manufacturer's instructions.
METHOD DETAILS
Induction of cellular stress T cells were used 2 hours after isolation, HeLa cells and neo-NHDFs were plated at 70 -80% confluence and 16 to 24 hours later media was changed to fresh media containing H 2 O 2 at the indicated concentrations, or IFNa (1000 U/ml), or TNFa (10ng/ml) or glucose-free media. For heat shock, cells were incubated in a humidified incubator at 42 C for up to 1 hour. The pH of DMEM media was adjusted with 0.1% v/v from 1M HCl stock or 0.1% v/v from 1M NaOH stock. At the indicated time post-treatment, cells were washed once in phosphate buffered saline (PBS) and processed for tFISH or fractionation. To monitor viability, cells were stained for annexin and PI using the TACS Annexin V-FITC Apoptosis Detection Kit (R&D systems) following the manufacturer's instructions and analyzed by flow cytometry.
Knockdown of EIF2AK4
For transient knockdown of mRNA encoding EIF2AK4, cells were transfected with Trilencer-27 Human siRNA using Oligofectamin accordingly to the manufacturer's instructions. Briefly, for a 6-well plate transfection format, 10 mL transfection reagent and 20 mL Optimem Medium were pre-mixed. Subsequently, 161 mL Optimem and 3 mL of each siRNA oligo were added. After 20 min incubation at room temperature, 800 mL of Optimem was added and cells were transfected with 1ml transfection mixture. Four hours posttransfection, 1 mL DMEM supplemented with 20% FCS (Fetal Calf Serum, Labtech), 100 units/ml penicillin and 100 mg/ml streptomycin was added. 48 hours post-transfection, cells were split into either 6-well plates or 12-well plates for RNA extraction and tFISH analysis, respectively. Experiments were performed 72 h post-transfection.
Fluorescence in situ hybridization
The Fluorescence in situ hybridization method was adapted from Sarkar and Hopper (1998) . Briefly, the day before the experiment, cells were plated into 12-well plates containing glass coverslips (VWR), which were coated with 0.0025% poly-L-lysine (SigmaAldrich) for experiments with neo-NHDFs. Following exposure to the indicated condition, cells were washed with PBS and subsequently fixed with freshly prepared 4% Paraformaldehyde in PBS at 25 C for 50 minutes. The reaction was quenched with 100 mM Glycine in PBS. For ER detection, cells were incubated with ER Tracker TM Red (Molecular Probes) following the manufacturer's instructions. Subsequently, cells were permeabilized with ice-cold acetone at À20 C for 3 minutes and washed three times with PBS. Coverslips were incubated for 10 minutes in pre-hybridization buffer (4x SSC, 3% BSA and 50% deionized Formamide [Sigma] ) at 25 C. Hybridization was performed overnight at 37 C in 4x SSC, 0.2% BSA, 50% deionized Formamide, 10% Dextran (Sigma), 160 mg/ml Hering Sperm DNA (Invitrogen) and 0.7 ng/ml DIG-labeled oligonucleotides. After hybridization, cells were washed sequentially in 4x, 2x and 0,5x SSC and 50% deionized Formamide. For antibody detection of Dig labeled probes, cells were blocked with 3% BSA, 2xSSC and 0.1% Triton-100 for 2 hours at 25 C. Subsequently, DIG-labeled probes were detected with DIG specific FAB fragments (Roche) conjugated to Fluorescein. Samples were washed 4 times in 2x SSC and 0.1% Triton. Coverslips were mounted on microscopic slides with ProLong Gold Antifade Mountant with DAPI (Molecular Probes).
Confocal Microscopy
Confocal images were acquired at the Confocal Imaging Unit (UCL Department of Cell and Developmental Biology). Single stack images were acquired on a Leica TCS SPE inverted Microscope using a 40x or 63x objective with a resolution of 1024x1024 pixels under sequentially imaging settings. DAPI and Fluorescein fluorescence emission were detected with 405nm and 488nm lasers respectively using the manufactured emission wavelength setting for DAPI and Alexa Fluor 488. Settings were adjusted for each experiment accordingly to the quality of stain but retained for all samples within the same experiment. Images were processed using LAS-X software and analyzed using ImageJ software package. Fluorescence intensities were determined after automated segregation of nuclear and cytosolic area using DAPI as nuclear stain (ImageJ macro kindly provided by Janos Kriston-Vizi, UCL).
Cell fractionation, Northern and western blotting Cells were grown in 10cm tissue culture plates and fractionated using the Nuclei Ez Prep kit (Sigma) following the manufacturer's instructions. Aliquots of 10% volume were used for western blotting and the RNA was extracted from the remaining cell lysate or fractionated lysates using Trizol. For Northern blot, 10-15 mg of purified RNA were loaded onto a 12% polyacrylamide denaturing gel containing 8M Urea in 1xTBE. Following PAGE, RNA was transferred to a positively charged nylon membrane (GE Healthcare) and crosslinked to the membrane using a conventional UV trans-illuminator. Membrane was pre-hybridized for 30 minutes at 37 C with 5xSSC, 0.1% N-Lauroyslsacrosine and 0.02% SDS, 1% Blocking reagent (Roche). Subsequently, the membrane was incubated overnight at 37 C in pre-hybridization buffer containing 5 nM heat denatured DIG-labeled probes (Wu et al., 2013) . The membrane was washed 4 times for 10 minutes each in 2xSSC and 0.1% SDS. For detection of DIG-labeled probes, the membrane was briefly washed in washing buffer (0.1M Maleic Acid, 0.15M NaCl, pH 7,5 and 0.3% Tween, pH7.5) and blocked with 0.1M Maleic Acid, 0.15M NaCl, 1% Blocking Reagent (Roche) at room temperature. Primary anti-DIG antibody (700772, Life Technology) and HRP-conjugated goat anti-rabbit antibody were diluted in 0.1M Maleic Acid, 0.15M NaCl and subsequently incubated with the membrane for 1 hour at room temperature then the membrane was washed 2 times for 15 minutes each with washing buffer. Detection was with ECL Prime Western Blotting Detection Reagent (GE Healtcare Life Science) and Hyperfilm ECL (GE Healtcare Life Science). For western blot, 1/50 of total lysates volume was loaded onto a 10% SDS-PAGE and transferred to an Immobilon-P PVDF membrane (Millipore) followed by incubation with primary and HRP-conjugated secondary antibodies and ECL detection. Inhibition of de novo RNA transcription by ActD was validated by quantitative PCR. 1 mg total RNA was reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) following the manufacturer's instructions. cDNAs were quantified on a Eppendorf Masterplex thermocycler using QuantiTect SYBR Green RT-PCR Kit (QIAGEN). Primer sequences are detailed in the Key Resources Table. Ct values were normalized to the housekeeping gene GAPDH.
RNA and Sequencing Library preparation
For NextSeq RNA sequencing, small RNAs were enriched using the PureLinkâ miRNA Isolation Kit (Ambion TM ). The RNA library preparation was adapted from Nottingham et al. (2016) and Qin et al. (2016) . Briefly, 2 mg of small-size RNA (< 200 nt) were deacylated with 0.1 mM TrisHCl pH = 9 at 37 C for 30 min in the presence of RNasin Ribonuclease Inhibitor (Promega). Potential 3 0 phosphates were removed by incubation at 37 C for 45 minutes using T4 Polynucleotide Kinase (Promega). RNA was purified using Chloroform extraction and EtOH precipitation. RNA libraries were generated from 100ng treated small RNA using TGIRT TM -III Enzyme (InGex, USA) using the manufacturer's protocol for the total RNA-seq method. Sequencing libraries were amplified for 15 cycles using Phusion High-Fidelity PCR Master Mix and purified using 1.3-1.4xAgentcourt AMPure XP beads. The quality of the RNA libraries was analyzed using Qubit System and TapeStation. Libraries were sequenced on an Illumina NextSeq 550 Instrument at the UCL Pathogen Genomics Unit (London).
NextSeq RNA sequencing and analysis Primer were clipped from raw read data using cutadapt v1.11 (Martin, 2011) . The sequences of the complete set of human tRNA genes were downloaded from GtRNAdb (Lowe and Chan, 2016) and pseudogenes were removed. This set was merged with the Ensembl ncRNA compilation (GRCh37/75). Clipped reads were mapped to this comprehensive set of ncRNAs including human tRNAs and all other ncRNAs using hisat2 v2.0.4 (Kim et al., 2015) . Uniquely mapped reads were counted for every gene, and differentially expressed genes were analyzed using R (R Development Core Team, 2011) and DESeq2 (Love et al., 2014) . Clustering of intact and defective tRNA were calculated with the R function heatmap.2 of the gplots package. Figures were created using the R library ggplots2 and GraphPad Prism 7.
PCR assay for mTOR and UPR HeLa cells were seeded in 6-well plates and grown overnight to 70% confluency. Next day the media was replaced and cells were treated with 5 mM H 2 O 2 for 2.15 hours. Cells were washed with PBS and RNA was extracted using Trizol. One mg of total RNA was reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) following the manufacturer's instructions. Expression profiling was performed according to the manufacturer's instructions using PrimePCR collection assays for the mTOR signaling (SAB Target List) H96 and Unfolded protein response (SAB Target List) H96 from BioRad. Ct values have been normalized against TBP, GAPDH and HPRT1. The experiment has been performed using three biological replicates. Data were analyzed using the PrimerPCR Analyis software from Bio-Rad (V1.0.030.1023).
QUANTIFICATION AND STATISTICAL ANALYSIS
Quantificaion of nuclear:cytosolic fluorescence ratio Segregation of cytosolic and nuclear fluorescence signal were done on ImgageJ using subsequently following Macros (kindly provided by Janos Kriston-Vizi, UCL) and manually corrected. Approximately 100 cells were counted from at least 5 randomly chosen images per condition. Briefly, images were manually corrected for background and cells were separated using the freehand line tool of ImageJ. The DAPI staining was used to determine the area of the nucleus. For HeLa, T cells and Jurkat cells the nuclear and cytosolic segregation macros were applied and the mean fluorescence intensity calculated for the cytosolic (C) and nuclear (N) areas. tRNA subcellular localization is represented by the nuclear/cytoplasmic (N/C) ratio. For NHDF cells, nuclear (Nuc) and total cell (Cyt) raw fluorescence intensities (RID) were manually determined. The corresponding N/C ratio was calculated for each cell using the following equation:
The calculated N/C ratios were subsequently plotted using the GraphPad Prism software program (GraphPad Software, Inc.). The tRNA colour code is the same for nucleus and cytoplasm. See also Tables S1 and S2. Figure S7 (related to Figure 5 and Table S4 ). Nuclear and cytosolic distribution of intact and 3' end truncated tRNA genes that show a consistent (up or down) LogFC >0.75 in each replicate (True LogFC) upon treatment with 5 mM H2O2 for 2 hours in the presence of ActD.
(A) tRNA-specific reads were mapped to the 3' end of the tRNAs and sorted for intact tRNAs (tRNAs with a mature 3' CCA end) and defective tRNAs (tRNA with an incomplete 3'-end). The data were plotted as average of the two replicates with min/max value. Each bar represents one tRNA gene. (see also Table S4 ). (B) total tRNA read counts in the nucleus or cytoplasm indicate lack of significant tRNA degradation in H2O2-treated relative to control cells. 
